Neurons in the developing auditory system exhibit spontaneous bursts of activity before hearing onset. How this intrinsically generated activity influences development remains uncertain, because few mechanistic studies have been performed in vivo. We show using macroscopic calcium imaging in unanesthetized mice that neurons responsible for processing similar frequencies of sound exhibit highly synchronized activity throughout the auditory system during this critical phase of development. Spontaneous activity normally requires synaptic excitation of spiral ganglion neurons (SGNs). Unexpectedly, tonotopic spontaneous activity was preserved in a mouse model of deafness in which glutamate release from hair cells is abolished. SGNs in these mice exhibited enhanced excitability, enabling direct neuronal excitation by supporting cell-induced potassium transients. These results indicate that homeostatic mechanisms maintain spontaneous activity in the prehearing period, with significant implications for both circuit development and therapeutic approaches aimed at treating congenital forms of deafness arising through mutations in key sensory transduction components.
SUMMARY
Neurons in the developing auditory system exhibit spontaneous bursts of activity before hearing onset. How this intrinsically generated activity influences development remains uncertain, because few mechanistic studies have been performed in vivo. We show using macroscopic calcium imaging in unanesthetized mice that neurons responsible for processing similar frequencies of sound exhibit highly synchronized activity throughout the auditory system during this critical phase of development. Spontaneous activity normally requires synaptic excitation of spiral ganglion neurons (SGNs). Unexpectedly, tonotopic spontaneous activity was preserved in a mouse model of deafness in which glutamate release from hair cells is abolished. SGNs in these mice exhibited enhanced excitability, enabling direct neuronal excitation by supporting cell-induced potassium transients. These results indicate that homeostatic mechanisms maintain spontaneous activity in the prehearing period, with significant implications for both circuit development and therapeutic approaches aimed at treating congenital forms of deafness arising through mutations in key sensory transduction components.
INTRODUCTION
Information about the external world is acquired by sensory organs, which extract component features of signals generated within the environment and convey this deconstructed information to higher centers within the brain. In the auditory system, sound frequency is encoded through excitation of different hair cells, due to the exquisite partitioning of soundinduced vibrations along the length of the organ of Corti. This tonotopic segregation is preserved as signals progress to first-order spiral ganglion neurons (SGNs) in the cochlea and then through auditory centers in the brain, creating a spatial map of the frequency components of complex sounds (Schreiner and Winer, 2005 ). These precise neural pathways are established through a combination of genetically pre-programmed events, involving guidance of axonal projections to appropriate recipient neurons segregated along isofrequency lines (Allen-Sharpley and Cramer, 2012) , and activity-dependent processes that promote maturation of neurons and refinement of their connections during early life (Clause et al., 2014 (Clause et al., , 2017 . Remarkably, this period of activity-dependent modification begins prior to the onset of hearing, with neurons along these pathways exhibiting highly stereotyped bursts of action potentials during this crucial developmental period (Sonntag et al., 2009; Tritsch et al., 2010a) . Although detailed information has been obtained about the patterns of activity exhibited by individual neurons using electrophysiological methods (Crins et al., 2011; Jones et al., 2007; Sonntag et al., 2009) , little is known about the relationship between this activity and future tonotopic zones, the degree of correlation between neurons in different auditory centers, or the interaction between this peripherally generated activity to other forms of spontaneous activity within the brain.
Spontaneous activity in the auditory system is conserved across species and originates in the developing cochlea, as removal of the cochlea or application of TTX to the oval window results in cessation of burst firing in the CNS (Lippe, 1994; Tritsch et al., 2010b) . Previous studies suggest that the primary generator of this activity in the period just before hearing onset is a group of inner supporting cells that form a transient epithelium known as Kö lliker's organ (or greater epithelial ridge, GER) that is located adjacent to inner hair cells (IHCs) . Individual supporting cells located near inner hair cells periodically release ATP, which initiates a cascade of events culminating in the release of potassium. These local increases in potassium within the organ of Corti depolarize groups of neighboring IHCs, inducing calcium spikes, glutamate release and eventual excitation of SGNs (Tritsch et al., 2010b; . Although stochastic and highly variable in both location and magnitude, this mechanism for inducing spontaneous activity reliably induces co-activation of neurons that will ultimately encode similar frequencies of sound, providing a means for Hebbian-based reinforcement of synapses and cellular maturation within isofrequency zones. While the mechanisms that initiate spontaneous activity have been explored extensively in vitro (Clause et al., 2014; Johnson et al., 2011 Johnson et al., , 2012 Johnson et al., , 2017 Tritsch et al., 2007; Zhang-Hooks et al., 2016) , a system-wide analysis of spontaneous activity in vivo in unanesthetized mice has so far not been achieved. This has prevented analysis of the propagation and coordination of activity in distinct auditory centers, information necessary to understand how spontaneous activity patterns regulate maturation of neuronal connectivity throughout the auditory pathway.
Here, we performed in vivo imaging in awake transgenic mice that express genetically encoded calcium indicators to define the spatial and temporal patterns of neural activity in auditory centers before the onset of hearing. Our studies reveal that groups of neurons aligned to the future tonotopic axis in the inferior colliculus (IC) exhibit transient bouts of highly correlated activity. This activity originated in the cochlea and traversed through brainstem and midbrain auditory centers before reaching auditory cortex (AC), indicating that neurons that will later process similar frequencies of sound are synchronized throughout the auditory pathway during this highly dynamic period of development. To determine how disruption of communication between IHCs and SGNs, a common cause of deafness, influences spontaneous activity patterns, we imaged neuronal activity in auditory centers from mice in which vesicular glutamate release from IHCs was abolished. Unexpectedly, discrete tonotopically organized spontaneous events still occurred in the IC of these mice that was dependent on input from the cochlea. This preservation of activity was enabled through enhanced excitability of SGNs, which allowed these neurons to be directly excited by local potassium transients. The ability of SGNs to maintain spontaneous activity in the absence of IHC input may help preserve the auditory nerve by preventing neuronal apoptosis and promote maturation of at least some aspects of sound processing circuits in the brain, thereby improving the performance of cochlear implants and the outcome of therapies designed to correct mutations that lead to common inherited forms of deafness.
RESULTS

Central Auditory Neurons Exhibit Correlated Activity
Aligned to the Tonotopic Axis Spontaneous activity initiated in the developing cochlea prior to hearing onset propagates to central auditory centers, where it has the opportunity to influence the maturation of soundprocessing circuits. To define the spatial and temporal pattern of activity within these nascent circuits, we used wide-field epifluorescence microscopy (Ackman et al., 2012) to visualize calcium transients in the midbrain of Snap25-T2A-GCaMP6s mice (Madisen et al., 2015) (Figure 1A) , which express the genetically encoded calcium indicator GCaMP6s in all neurons ( Figure S1 ). A cranial window was installed over the exposed inferior and superior colliculi ( Figure 1B ), which receive auditory and visual information, respectively, and time-lapse recordings were performed in awake (unanesthetized) P6-8 mice (prior to hearing onset). Groups of neurons in both regions exhibited periodic calcium transients (increases in GCaMP6s fluorescence) lasting several seconds ( Figure 1C ), consistent with the intermittent bursts of action potentials generated by neurons in these regions at this age (Ackman et al., 2012; Tritsch et al., 2010b) ; however, the spatial patterns of activity occurring in these two regions were distinct. As described previously (Ackman et al., 2012) , neuronal activity in the superior colliculus (SC) propagated as waves that followed irregular trajectories, reflecting the pattern of retinal ganglion cell activity that occurs prior to eye opening. In contrast, neuronal activity in the IC was confined to discrete, stationary bands oriented diagonally along the anterior-lateral to posterior-medial axis ( Figure 1D ; Movie S1). Events that occurred near the central region of the IC consisted of a single band, while events that engaged neurons flanking this region consisted of two bands. The spatial organization and timing of events were mirrored across both lobes of the IC ( Figures S2A-S2I ), but the amplitude of calcium transients exhibited strong lateral bias, with the lobe exhibiting the largest calcium increase varying from event to event ( Figures 1E and 1F ). In addition, although the average event amplitude and bilateral amplitude ratio (small side/large side) was similar between zones, the degree of lateral bias varied from event to event (Figures 1F and S2F) , indicating that bilateral representation of activity is not fixed. Despite the lateral bias of each event, the average waveform of events was similar ( Figure 1G ), and over time, neurons throughout the IC exhibited similar activity (Figures 1C and S2G; see Figure 3B , below). These periodic events within the IC were not induced by sound, as neither self-induced vocalizations nor exposure to loud sounds induced similar patterned activity at this age ( Figures S3A-S3E ). In addition, although animal movement occasionally elicited widespread neuronal activity in the midbrain and cortex, these movement-associated events were much less frequent than the overall rate of spontaneous activity in the IC (0.9 ± 0.2 versus 8.5 ± 0.5 transients per minute) ( Figures S3G-S3J ). The spatial patterning of spontaneous events appeared to correspond to the future tonotopic organization of IC (Barnstedt et al., 2015; Malmierca et al., 1995) . Indeed, exposing hearing animals to tones of different frequencies mimicked the distinct spatial patterns observed before hearing onset ( Figures 1H and 1I) . A low-frequency tone (3 kHz) activated neurons in single bands in both lobes of the IC, with greater fluorescence seen in the IC contralateral to the speaker. Higherfrequency sounds elicited dual bands in each lobe of the IC, with activated zones moving progressively more lateral with increasing frequency. These findings indicate that neurons located in future isofrequency zones within the developing IC exhibit highly correlated firing prior to hearing onset. To define the cellular origin of this correlated activity, we performed high-resolution, two-photon imaging within the dorsal aspect of the central nucleus of the IC (150 mm from the pial surface) ( Figure 2A ). As suggested by the wide-field imaging, neurons and the surrounding neuropil in this region exhibited large-scale correlated activity ( Figures 2B and 2C ). Pre-labeling astrocytes with the fluorescent dye SR101 (Nimmerjahn and Helmchen, 2012) revealed that fluorescence changes occurred in neuronal cell bodies and processes rather than in astrocytes ( Figure 2B ; Movie S2), as expected due to the neuronal specificity of the Snap25 promoter (Madisen et al., 2015) . Groups of neurons within distinct spatial domains contributed to individual events, with highly correlated activity exhibited by neurons (and neuropil) along diagonal bands aligned to the tonotopic organization of the IC (Figures 2D and 2E) . Together, these results indicate that groups of neurons in the IC that will ultimately process similar frequencies of sound exhibit robust, correlated activity prior to hearing onset. Studies in hearing animals indicate that sound detected by each ear is represented primarily in the contralateral IC (Hind et al., 1963) but that weak ipsilateral projections and collaterals between the lobes of the IC ensure bilateral representation (Coleman and Clerici, 1987; Gonzá lez Herná ndez et al., 1986) , providing an explanation for the mirroring of spontaneous events across the IC ( Figure 2F ). Moreover, the periodic, tonotopic nature of this activity is consistent with prior studies indicating that occasional release of ATP by inner supporting cells within the cochlea is sufficient to induce correlated firing of groups of IHCs in discrete locations along the organ of Corti .
Spontaneous Activity in the Inferior Colliculus Originates in the Cochlea
To assess the contribution of peripheral cochlear input to spontaneous activity in the IC, we performed cochlear ablations just prior to wide-field imaging. In both naive mice and mice subjected to sham surgery, the largest spontaneous events alternated stochastically between lobes of the IC (in Figure 3A , the magnitude of fluorescence change for each event is indicated by the length of the horizontal bar, and degree of difference between the two lobes of the IC is indicated by the size of circle), achieving equally balanced activity over $10 min (Figures 3A and 3B) , in terms of location of largest event amplitude (Figure 3C ) and the event frequency for each lobe ( Figure 3D ). If spontaneous activity in the IC arises from the cochlea, then unilateral cochlear removal should decimate activity in the IC contralateral to the ablation, due to the contralateral bias in flow of auditory information from the cochlea to the midbrain (Semple and Kitzes, 1985) . Indeed, animals with unilateral cochlear ablation exhibited a profound bias toward the ipsilateral side, with nearly all calcium transients being larger, and the frequency of events greater, in the lobe ipsilateral to the ablation ( Figures 3C-3F ). Removal of both cochleae nearly abolished activity in both lobes of the IC ( Figures 3C, 3D , and 3G), without altering waves in the SC ( Figure S4 ), demonstrating that activity in central auditory centers is initiated within these peripheral sensory organs.
Spontaneous Activity Propagates from the IC to the Auditory Cortex Auditory information is extensively processed through reciprocal connections between subcortical structures and the AC (Syka and Popelá r, 1984; Yan and Suga, 1996) , allowing sound information to be modulated by internal states (Francis et al., 2018; Kilgard and Merzenich, 1998) . To determine if spontaneous activity originating in the cochlea propagates to the AC prior to hearing onset, we performed simultaneous wide-field imaging of the midbrain and the posterior portion of the temporal and occipital cortex in P7 Snap25-T2A-GCaMP6s mice, enabling simultaneous visualization of neuronal activity patterns in both auditory and visual centers ( Figure 4A ). Neurons in these regions of cortex exhibited robust, spontaneous activity at this age, characterized by transient increases in calcium by groups of neurons in complex spatio-temporal patterns (Movie S3). To assess whether any of this cortical activity was correlated with events occurring in the IC, we subjected movies to unbiased segmentation using the IC as a reference (see Star Methods). This analysis revealed that neurons within a discrete region of temporal cortex corresponding to the approximate future region of AC (RAS coordinates: 5.07 mm, -2.57 mm, 2.29 mm) exhibited correlated activity with IC neurons (yellow areas, Figure 4B ). For a given correlated event, the amplitude of the fluorescence change was larger in AC than in IC ( Figures 4C and 4D ), which may arise through higher levels of GCaMP6s in the cortex ( Figure S1 ) and/or amplification of sensory information from the thalamus to the cortex (Murata and Colonnese, 2016) . Although the majority of events in AC (80% ± 3%, n = 7 animals) were correlated with activity in IC, large-scale events synchronized across (J) AC spatial activity map generated using activity from distinct zones within the IC. Concurrent activity in the IC and AC was averaged based on location of the peak within the IC. Each color corresponds to the ROIs indicated in (H). (K) Individual (gray) and average area (blue) in the AC that exhibited correlated activity with future low frequency areas of the IC. Areas were defined by thresholding average response by 80% of maximum fluorescence. (L) Group average spatial map in the AC generated from events within distinct, future tonotopic zones of the IC. Note that high frequency regions of the IC are underrepresented, due to the limited visualization of these deeper regions using wide-field epifluorescence imaging. (M) Schematic of AC organization in the adult mouse. AI, primary AC; AII, secondary AC; AAF, anterior auditory field; UF, ultrasonic field. diverse regions of the cortex (e.g., between AC and VC) were also observed (asterisks, Figure 4C ) that were independent of activity in IC. Alignment of average waveforms for correlated IC:AC events revealed that they had a comparable time course ( Figure 4E ) but that events in AC were consistently delayed by %100 ms relative to IC, visible from the temporal shift in both the leading edge ( Figure 4E ) and peak ( Figure 4F ) of these events, suggesting that activity propagates from IC to AC. When a comparable correlation analysis was performed using spatial masks over VC and SC ( Figure 4B ), the correlation coefficient determined for IC:AC (r = 0.86 ± 0.01) was significantly higher than between IC and other regions (IC:SC, p < 0.001; IC:VC, p < 0.001; n = 7 animals, one-way ANOVA with Tukey post hoc) ( Figure 4G ). As epifluorescence imaging can be affected by photon scatter through brain tissue, our measurements likely overestimate the degree of correlation between IC and SC due to the proximity of these structures.
To assess whether tonotopic information is preserved as activity propagates from IC, through the thalamus to AC, we examined the spatial distribution of active neurons in AC during each spontaneous event detected in IC. Regions of interest (ROIs) were placed across the tonotopic axis of IC (Figures 4H and 4I) , and regions of AC that exhibited correlated activity were assigned a color, corresponding to the region of IC (ROI) where correlated activity occurred ( Figure 4J ). Neurons within the central region of IC (blue color, Figure 4H ) that later become responsive to low sound frequencies exhibited correlated activity with neurons confined to three distinct areas of AC (Figures 4J-4L; Movie S4), while events that occurred in lateral parts of the IC, corresponding to higher-frequency regions (red color, Figure 4H ), exhibited correlated activity within AC that surrounded these three areas ( Figure 4J ). Summing events over 10 min allowed us to generate a color map relating AC neuron activity to IC isofrequency zones ( Figures 4K-4M ). Previous studies indicate that low-frequency sounds elicit neuronal activity in three distinct areas of AC (AI, AII, and AAF) (Issa et al., 2014; Stiebler et al., 1997) , a pattern similar to the three AC regions that were correlated with low-frequency regions of IC (blue color map, Figures 4K and 4L ). Because epifluorescence imaging only allows optical access to the most dorsal aspect of IC (corresponding to frequencies up to $16-24 kHz), regions of AC that will be responsible for processing ultrasonic frequencies are less defined in the map (Figures 4L and 4M) . Together, these results indicate that local activity generated in the cochlea propagates through different auditory centers of the brain within spatially restricted zones that correspond to future isofrequency regions responsible for processing similar frequencies of sound.
Although the consistent delay in events between AC and IC suggests that activity propagates from the periphery to the cortex, it does not preclude cortical modulation of midbrain activity, which prominently influences activity patterns in IC in hearing animals (Yan and Ehret, 2002) . To assess whether spontaneous activity in the IC is shaped by top-down projections, the AC was resected prior to imaging the midbrain ( Figures S5A and S5B) . Remarkably, spontaneous events persisted in both lobes of the IC following unilateral ablation of the AC ( Figure S5A ). Moreover, the frequency, amplitude, and half-widths of spontaneous events and the spatial distribution of events across each IC (Figures S5C and S5D) were unaltered by this manipulation, suggesting that reciprocal interactions between AC and IC are not functional at this stage of development.
Spontaneous Activity in Auditory Centers Persists in Deaf Mice
Sound energy is transformed into patterns of neural activity in the cochlea at glutamatergic synapses between IHCs and spiral ganglion neurons (SGNs) (Bobbin, 1979; Seal et al., 2008) . These synapses are also required for propagating spontaneous activity prior to hearing onset, as correlated bursts of activity in SGNs are abolished in vitro in the presence of glutamate receptor antagonists Zhang-Hooks et al., 2016) . To examine whether glutamatergic synaptic transmission in the cochlea is required for IC activity in vivo, we applied Gelfoam containing the AMPA receptor antagonist NBQX to the semi-permeable round window membrane, an approach that has been used previously to deliver drugs to the inner ear without disrupting the organ of Corti (Harada et al., 1986) . Unilateral exposure to NBQX mimicked the effect of unilateral cochlear ablation ( Figure 3F ), producing a significant reduction in the amplitude of spontaneous events in the contralateral IC ( Figure 5A ), indicating that spontaneous activity in central auditory centers relies on intact glutamatergic signaling between IHCs and SGNs in the cochlea.
Glutamatergic transmission between IHCs and SGNs is critically dependent on the vesicular glutamate transporter VGLUT3. Vesicular glutamate release at IHC-SGN synapses is abolished in Vglut3 -/-(knockout, KO) mice, and Vglut3 KO mice are profoundly deaf at hearing onset (Seal et al., 2008 ; Figure S3F ). Moreover, mutations in Vglut3 lead to progressive loss of highfrequency hearing in humans (Ruel et al., 2008) . Although Vglut3 KO mice exhibit aberrant refinement of connections in the auditory brainstem (Noh et al., 2010) , it is not known how early patterns of activity in the CNS are influenced by loss of this critical peripheral input. To determine how genetic disruption of IHC-SGN synaptic transmission influences activity patterns in central auditory centers prior to hearing onset, we recorded spontaneous activity in Snap25-T2A-GCaMP6s;Vglut3 -/-mice. Given the reduction of activity seen in the auditory midbrain following peripheral NBQX application and the complete block of SGN firing by AMPA receptor/NMDA receptor antagonists in acutely isolated cochleae Zhang-Hooks et al., 2016) , we predicted that spontaneous activity in the brain would be abolished in Vglut3 KO mice. Unexpectedly, Vglut3 KO mice displayed robust calcium increases in the IC that were remarkably similar to activity observed in control mice ( Figure 5B ; Movie S5): events were transient, bilateral, spatially restricted within each lobe of the IC, and oriented along the tonotopic axis (Figure 5C ). Nevertheless, normal activity patterns were not entirely preserved, as spontaneous events in Vglut3 KO mice were less frequent, shorter in duration, and larger in amplitude than events in control mice ( Figures 5D-5F ). As expected, application of NBQX to the round window niche in Vglut3 KO mice failed to lateralize activity ( Figure 5G ), indicating that burst firing of SGNs is induced without AMPA receptor-dependent excitation. Nevertheless, spontaneous activity in Vglut3 KO mice remained dependent on input from the cochlea, as bilateral cochlear removal resulted in a marked reduction in IC activity ( Figure S6 ).
Enhanced Excitability of SGNs in Vglut3 KO Mice Enables Direct Excitation by Supporting Cells
Previous studies indicate that SGN burst firing is induced by the periodic depolarization of IHCs in response to ATP-induced potassium release from nearby supporting cells . Due to the proximity of SGN dendrites to inner supporting cells, these local increases in potassium also depolarize afferent terminals, as shown through direct recordings from SGN dendrites ; however, these depolarizations are not sufficient to induce SGN firing in control mice without IHC synaptic input. Attenuation of synaptic excitation in developing neurons has been shown to induce marked increases in intrinsic excitability (Shepherd et al., 2006; Turrigiano et al., 1998) . When deprived of glutamatergic input, SGNs may similarly enhance their sensitivity to focal increases in potassium to enable action potential generation. Such a mechanism would explain the preservation of tonotopic spontaneous activity patterns in Vglut3 KO mice; however, a similar outcome could be achieved if ATPinduced stimulation of supporting cells was indirectly enhanced by this manipulation of IHCs.
To determine if ATP-induced activity in supporting cells is enhanced in Vglut3 KO mice, we recorded both spontaneous ATP-induced crenations in Kö lliker's organ , which reflect the efflux of water that accompanies chloride and potassium efflux, and ATP-induced currents in inner supporting cells in cochleae acutely isolated from Vglut3 KO mice. If ATP release is enhanced, spontaneous crenations should be larger in area, and spontaneous inward currents should be larger in amplitude. However, ATP-induced crenations occurred at the same frequency and had the same average area in Vglut3 KO mice as controls ( Figures 6A and 6B) . Moreover, the frequency and amplitude of spontaneous currents in supporting cells were comparable between control and Vglut3 KO mice (Figures 6C and 6D ), suggesting that ATP release is not enhanced.
As the spontaneous currents in supporting cells arise from chloride efflux through TMEM16A calcium-activated channels , and the release of potassium from supporting cells is directly coupled to this chloride efflux, the lack of increase in these currents also suggests that potassium release is not enhanced in Vglut3 KO mice. Although SGNs no longer receive synaptic excitation in Vglut3 KO mice, the preservation of cochlea-dependent activity in central auditory centers suggests that these peripheral neurons continue to experience periodic excitation during this early period of development. To define the activity patterns of SGNs in Vglut3 KO mice, we performed time-lapse confocal imaging of the spiral ganglion in cochleae isolated from Snap25-T2A-GCaMP6s mice. In control mice (Vglut3 +/+ littermates), groups of neighboring SGNs within the ganglion exhibited highly correlated, transient increases in calcium ( Figure 6E ; Movie S6). This activity was abolished by NBQX (50 mM; Figures 6E and 6F) , consistent with prior results demonstrating that synaptic input is essential to trigger burst firing of SGNs at this age Zhang-Hooks et al., 2016) . Remarkably, SGNs in Vglut3 KO mice also exhibited transient increases in calcium that were coincident among neighboring neurons ( Figure 6G ; Movie S7). Overall, these events were less frequent without IHC input ( Figures 6F and 6H ), fewer cells participated in each event ( Figure 6I ), and the degree of correlation was slightly reduced ( Figure 6J ). However, SGNs in Vglut3 KO mice often exhibited prolonged plateau-like increases in calcium ( Figures 6G,  6K , and 6L, red asterisks), a behavior rarely observed in controls ( Figures 6E and 6K ), suggesting that they experience bouts of prolonged firing. As expected, spontaneous SGN activity in Vglut3 KO mice was no longer blocked by NBQX (50 mM), indicating that these events are not induced by glutamatergic synaptic excitation ( Figures 6G and 6H ). To assess whether periodic activation of SGNs in Vglut3 KO mice remains dependent on potassium release from supporting cells, we inhibited TMEM16A channels with benzbromorone (BBE, 20 mM) (Huang et al., 2012; . This manipulation abolished SGN activity in Vglut3 KO mice ( Figures 6G and 6H ), suggesting that TMEM16A-facilitated release of potassium from supporting cells directly induces SGN burst firing. To determine how SGNs are able to preserve burst firing in the absence of synaptic input, we measured the excitability of these neurons in whole-cell current-clamp recordings from acutely isolated cochleae ( Figure 7A ). In response to suprathreshold depolarizing current injection, SGNs in control mice (Vglut3 +/À or +/+ littermates) fired a single action potential at the onset of stimulation (11/12 cells; Figure 7B ), as previously described (Rutherford et al., 2012) , and exhibited a shallow current-to-voltage curve, due to their moderate membrane resistance (Figures 7C and 7G) . In marked contrast, SGNs in Vglut3 KO mice typically fired multiple action potentials in response to depolarizing current injection (13/19 cells; Figure 7C ) and exhibited a much steeper current-to-voltage curve ( Figure 7D ) and longer membrane time constant ( Figures 7F and 7G ), due to their higher membrane resistance. Although control and Vglut3 KO SGNs exhibited similar resting membrane potentials ( Figure 7G ), much less current was required to elicit action potentials in Vglut3 KO SGNs ( Figures 7B, 7D , and 7G), providing an explanation for their enhanced sensitivity to changes in extracellular potassium. Moreover, some SGNs in Vglut3 KO mice (6/19 cells) exhibited plateau potentials in response to depolarizing current steps, and similar long duration events occurred spontaneously in the absence of current injection ( Figure 7H ), in accordance with the long-duration calcium transients observed during time-lapse imaging (see Figure 6G ). Together, these results indicate that SGNs exhibit much higher excitability when deprived of synaptic input from IHCs, which enables direct excitation by supporting cell-induced potassium transients. (F) Quantification of event frequency before and after application of NBQX (50 mM). n = 5 cochlea (two-tailed paired Student's t test, ****p < 0.0005). (G) Time-lapse imaging of calcium transients in SGNs in the Snap25-T2A-GCaMP6s;Vglut3 KO mice (left). Active cells are pseudocolored according to time of occurrence. Fluorescence traces from individual ROIs; bars indicate NBQX, benzbromarone (BBE), and high potassium application (Right). Red asterisks highlight long duration, plateau calcium transients observed in Vglut3 KO mice. (H) Plot of event frequency before and after application of NBQX and BBE (n = 8 cochlea, one-way ANOVA; ns, not significant; *p < 0.05, **p < 0.005). (I) Plot of number of cells active during each event in control and Vglut3 KO mice (n = 5 cochlea for control and n = 8 cochlea for Vglut3 KO; two-tailed Student's t test with Bonferroni correction, ***p < 0.0005). (J) Plot of average correlation coefficient between the five nearest cells or the five farthest cells in control and Vglut3 KO mice (n = 5 cochlea for control and n = 8 cochlea for Vglut3 KO; two-way ANOVA with Tukey post hoc, *p < 0.05, ***p < 0.0005). (K) Probability density histograms of the duration (full width at half maximum, FWHM) of all events measured. Shown as mean ± SEM. Red asterisk highlights long duration events seen in Vglut3 KO mice. (L) Plot of mean duration of events (FWHM) (n = 5 cochlea for control and n = 8 cochleae for Vglut3 KO; two-tailed Student's t test, *p < 0.05).
DISCUSSION
Sensory systems exhibit robust, sensory-independent or ''spontaneous'' activity during a critical developmental period when neuronal specification, physiological maturation, and synaptic refinement are ongoing. In the mouse auditory system, this period begins shortly after birth and continues until hearing onset almost 2 weeks later, providing an opportunity to explore the features of this activity and the mechanisms responsible ex utero. Electrophysiological recordings have revealed that neurons in the auditory system fire periodic bursts of action potentials prior to hearing onset, a phenomenon that is conserved from birds to humans . However, the spatial and temporal characteristics of this activity in relation to future tonotopic zones, the modification of activity patterns as they ascend through different auditory centers, and the relationship of this peripherally generated activity to other forms of spontaneous activity in the brain have not been defined.
Insight into the relationship between spontaneous activity and circuit development have been difficult to obtain using electrophysiological approaches, due to their limited spatial sampling and the need to record under anesthesia to limit mouse movement, which may induce unknown alterations in neuronal firing in these nascent circuits. To overcome these limitations, we performed in vivo imaging of neuronal calcium changes in central auditory centers of awake, unanesthetized mice before hearing begins, allowing visualization of internally generated neuronal activity patterns across wide spatial and temporal scales. Our studies indicate that groups of neurons aligned to future isofrequency zones in the auditory midbrain exhibit highly correlated, transient bursts of activity. This activity is initiated within the cochlea and propagates through auditory centers before ultimately reaching the AC, indicating that the activity of neurons responsible for processing similar frequencies of sound is coordinated across the entire auditory system during this phase of development. Our results also reveal that developing auditory circuits exhibit remarkable homeostatic plasticity that enables this early patterned activity to be preserved despite disruption of synaptic communication between IHCs and SGNs. The ability of SGNs to adapt to genetic disruption of sensory transduction during this critical developmental period may help preserve auditory nerve fibers (G) Plots of action potential threshold, peak, and steady-state input resistance, tau, and resting membrane potential. For recordings at 24 C, n = 9 cells from 10 control cochleae and n = 8 cells from 6 Vglut3 KO cochlea; for recordings at 32 C, n = 4 cells from 3 control cochleae and n = 11 from 6 Vglut3 KO cochleae (two-tailed Student's t test with Bonferroni correction, ns: not significant, *p < 0.05, **p < 0.005, ***p < 0.005).
(H) Examples of plateau potentials evoked by current injection (top) and spontaneous plateau potentials observed at rest (bottom) in whole-cell current clamp recordings from Vglut3 KO mice. Note that the plateau potentials (top right) can outlast the stimulus.
and promote early maturation of tonotopic pathways, enabling individuals who carry mutations in these key components to achieve greater benefit from cochlear implants or genetic therapies designed to correct these mutations.
Tonotopic Neural Activity in Developing Auditory Centers Macroscopic imaging of the dorsal aspect of the IC in transgenic mice that express GCaMP6s under control of the Snap25 promoter (Madisen et al., 2015) , a v-snare expressed ubiquitously by both excitatory and inhibitory neurons, revealed that neurons in this midbrain auditory center exhibit highly stereotyped patterns of activity before hearing onset. Both postsynaptic target neurons and the ascending afferents responsible for inducing their excitation experience transient increases in calcium lasting several seconds. Such long-duration events are consistent with electrophysiological recordings from prehearing rats indicating that neurons within the auditory brainstem and midbrain fire discrete bursts of action potentials followed by long periods of quiescence (Clause et al., 2014; Crins et al., 2011; Sonntag et al., 2009; Tritsch et al., 2010b) . Two-photon imaging revealed that IC neurons are excited on average two to three times per minute by these events (Figure 2) , closely following the pattern of activity exhibited by auditory neurons in the spiral ganglion, medial nucleus of the trapezoid body, and cochlear nucleus (Clause et al., 2014; Sonntag et al., 2009; Tritsch et al., 2010b) , showing that this mode of generating infrequent, but intense, bouts of neuronal activity is preserved as signals progress through higher auditory centers. The clustering of action potentials into discrete bursts may ensure that activity reliably propagates through these developing circuits, overcoming stochastic variation and nascent synapses with low release probability (Gasparini et al., 2000) , and inducing long-lasting calcium rises capable of initiating changes in gene expression that underlie structural and functional maturation. Both wide-field epifluorescence and high-resolution twophoton imaging revealed that spontaneous events in the IC involved clusters of neurons aligned to the future tonotopic axis. Neurons in the IC assemble into fibrodendritic laminae that are highly conserved across species and comprised of afferent lemniscal fibers and dendrites of intrinsic neurons, which provide a structural basis for the restricted activation of neurons within discrete isofrequency zones (Malmierca et al., 1995) . Similar laminar, tonotopic projections are prevalent in other subcortical auditory centers (Kandler et al., 2009) , enabling events that are initiated through excitation of a group of IHCs within one region of the cochlea to remain confined to this frequency domain as it ascends through the auditory system. Although individual events were spatially restricted to a portion of the IC, events occurred throughout all regions of the IC that could be imaged using the approaches employed here. Thus, these events fulfill key tenants of Hebbian rules for plasticity, triggering correlated firing of ascending afferents and postsynaptic target neurons that will eventually process similar frequencies of sound, providing a means for activity-dependent refinement and stabilization of synaptic connections within distinct frequency domains.
Mechanisms Responsible for Spontaneous Activity Prior to Hearing Onset
Although the IC in adult animals has been shown to integrate multisensory information, it is striking how restricted active input to the IC is prior to hearing onset. Bilateral ablation of the cochlea nearly abolished all bursting activity in the IC. Exceptions were infrequent, large-scale events that engaged neurons throughout these midbrain structures (0.8 ± 0.1 events per minute, n = 8 animals; Figure S7 ). The mechanisms that coordinate activity across different sensory-processing circuits remain unknown but could be induced by neuromodulatory inputs such as cholinergic fibers, which are highly ramified within the midbrain (Klepper and Herbert, 1991) . Despite functional evidence for powerful top-down cortical modulation of the IC in hearing animals (Yan and Ehret, 2002) , our studies also indicate that there is limited modulation of IC activity by descending projections from AC at this developmental stage, as unilateral ablation of the AC did not alter activity patterns in the ipsilateral IC ( Figure S5 ). From the standpoint of circuit integration, it may be advantageous to delay establishment of pathways responsible for feedback control and cross-modal integration until direct sensory processing pathways are stabilized. It is also possible that the stereotyped firing pattern exhibited by neurons at this developmental stage lacks components necessary to effectively engage these pathways.
Bilateral ablation of the cochlea abolished coincident, spatially restricted neuronal activity in the IC (Figure 3 ), indicating that it is dependent on input from these developing sensory organs. Our previous studies indicate that IHCs along the organ of Corti are transiently excited when inner supporting cells release ATP, triggering a cascade of events in these cells that ultimately results in release of potassium that induces IHC depolarization . These ATP-triggered events are spatially restricted, resulting in depolarization of IHCs within discrete regions along the cochlea; they are distributed, encompassing all frequency domains along the length of the cochlea; they are stochastic, appearing in random positions along organ of Corti; and they are highly variable in amplitude and duration, triggering activation of different numbers of IHCs during each event (Tritsch and Bergles, 2010; . These defining features are also shared by events in the IC at this age, providing additional in vivo support for the hypothesis that this mechanism is primarily responsible for driving the correlated firing of auditory neurons during this stage of development. It is possible that other mechanisms contribute to excitation of IHCs prior to hearing onset, particularly at younger ages before TMEM16A channels are expressed (Johnson et al., 2011 (Johnson et al., , 2012 , similar to the transition in mechanisms responsible for inducing retinal waves prior to eye opening (Kirkby et al., 2013) . Indeed, recent in vivo recordings from neurons in the medial nucleus of the trapezoid body of pre-hearing mice, in which efferent cholinergic modulation of IHCs was abolished, revealed that modulatory projections from the brainstem to the cochlea influence the timing and duration of bursts at this age (Clause et al., 2014) .
Preservation of Spontaneous Activity in Absence of Hair Cell Synaptic Transmission
Propagation of spontaneous activity from the cochlea to the CNS in wild-type animals is critically dependent on synaptic excitation of SGNs, as acute pharmacological block of ionotropic glutamate (AMPA/NMDA) receptors abolishes correlated firing of SGNs in isolated cochleae (Figure 6; Zhang-Hooks et al., 2016) , and local application of the AMPA receptor antagonist NBQX to the round window membrane in vivo biased event amplitudes in the IC to the ipsilateral side, mimicking the effect of unilateral cochlea ablation (Figure 3) . These findings are consistent with results from paired IHC-SGN recordings, which indicate that bursts of action potentials are initiated in SGNs only when IHCs fire calcium action potentials (Tritsch et al., 2010b) . However, SGN dendrites are located in regions of Kö lliker's organ where ATP is released (see Figure 6A) , and direct recordings from SGN dendritic boutons revealed that they are depolarized by ATP-induced potassium release from inner supporting cells , although the magnitude of these events is not sufficient to trigger burst firing without synaptic input. These findings suggest that manipulations that disrupt calcium-dependent glutamate release from IHCs should abolish spontaneous activity in central auditory centers. However, our studies indicate that spontaneous activity still occurs in the IC in Vglut3 KO mice, in which synaptic excitation of SGNs is abolished (Seal et al., 2008) . Perhaps more surprising, the pattern of activity in these mice shares many key features of spontaneous activity in wildtype animals, in particular the restriction of events to isofrequency zones, suggesting that they arise through activation of SGNs that receive input from restricted regions along the organ of Corti. Previous studies have shown that CNS neurons undergo homeostatic increases in excitability when deprived of synaptic excitation (Turrigiano et al., 1998) . These changes can involve an increase in number of AMPA receptors at synapses to enhance synaptic potency and a decrease in potassium channel expression to enhance depolarization to each input (Lee et al., 2015; Shepherd et al., 2006) . Whole-cell recordings revealed that SGNs in Vglut3 KO mice have higher input resistance, a longer membrane time constant, and a lower current threshold for action potential initiation, allowing normally subthreshold responses to restore firing without input from IHCs. Moreover, some neurons exhibited unusual plateau-like potentials upon depolarization that outlasted the stimulus, which may contribute to long-duration calcium transients seen with GCaMP imaging. Our studies also reveal that there are further downstream changes in central auditory circuits in Vglut3 KO mice, as noted previously (Noh et al., 2010) , which allow occasional, tonotopic bursts to be generated after bilateral cochlea ablation ( Figure S6 ). Although the mechanisms responsible for these changes remain to be determined, recent studies indicate that maturation of SGNs is delayed in Vglut3 KO mice (Sun et al., 2018) , pointing to an important role for synaptic activity in shaping the excitability of these neurons prior to hearing onset.
The ability of peripheral ganglion neurons to change their excitability through alteration of intrinsic ion channel expression has been observed in dorsal root ganglion following traumatic injury (Dib-Hajj et al., 1999; Song et al., 2003) . However, to our knowledge, this is the first demonstration that spiral ganglion neurons exhibit enhanced excitability when deprived of synaptic excitation. If SGNs retain this ability to adjust their excitability after hearing onset, these changes could contribute to hyperactivity in the auditory pathway following damage-or age-induced loss of IHCs (Salvi et al., 2000) . Activity also plays a crucial role in promoting neuronal survival in the developing CNS (Spitzer, 2006) . The ability of SGNs to preserve burst firing in the absence of excitatory drive from IHCs may help explain why most SGNs do not undergo apoptosis in Vglut3 KO mice (Seal et al., 2008) . Further studies of activity patterns in Vglut3 KO mice, and animals that harbor deafness-inducing mutations in other genes, will help define the extent of both early and persistent changes in auditory circuits. This analysis may reveal new strategies for enhancing hearing in deaf individuals and promoting functional recovery after traumatic injury to the cochlea.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Both male and female mice of postnatal days (P) 6 -P15 were used for all experiments and randomly allocated to experimental groups. All mice were healthy and were only used for experiments detailed in this study. Transgenic breeders were crossed to female FVB mice to improve litter survival and, thus, progeny were not maintained on a pure C57BL/6 background. Mice were housed on a 12 hr light/dark cycle and were provided food ad libitum. All experiments and procedures were approved by the Johns Hopkins Institutional Care and Use Committee.
Transgenic Animal Models
Snap25-T2A-GCaMP6s and VGLUT3
-/-(Vglut3 KO) have been described previously (Madisen et al., 2015; Seal et al., 2008 
METHOD DETAILS
Installation of cranial windows Inhalation anesthesia was induced with vaporized isoflurane (4% for 5 min, or until mice are non-responsive to toe-pinch) and lowered during the procedure (1%-2%) to maintain a stable respiration rate of 80 breaths per minute. A midline incision beginning posterior to the ears and ending just anterior to the eyes was made. Two subsequent cuts were made to remove the dorsal surface of the scalp. A headbar was secured to the head using super glue (Krazy Glue). Fascia and neck muscles overlying the interparietal bone were resected and the area bathed in sterile, HEPES-buffered artificial cerebrospinal fluid (HEPES-ACSF) that was replaced as necessary throughout the surgery. Using a 28G needle and microblade, the sutures circumscribing the interparietal bone were cut and the interparietal bone was removed to expose the midbrain. The dura mater was removed using fine scissors and forceps, exposing the colliculi and extensive vasculature. If the animal was to be imaged under the two-photon microscope, astrocytes were labeled by applying 1 mM sulfarhodamine 101 (SR101) in HEPES-ACSF for 5 min to the surface of the brain. A 5 mm coverslip (CS-5R; Warner Instruments) was then placed over the craniotomy, the surrounding bone was dried using a Kimwipe, and super glue was placed along the outer edges of the coverslip for adhesion to the skull. Replacement 0.9% NaCl solution was injected IP and a local injection of lidocaine was given to the back of the neck. Animals were weaned off isoflurane, placed under a warming lamp, and allowed to recover for a minimum of 1 hr prior to imaging. As reported previously (Ackman et al., 2012) , spontaneous activity was not seen in deeply anesthetized animals and emerged $30 min after recovery from isoflurane exposure. For simultaneous imaging of IC and AC, mice were anesthetized as described above. The scalp was resected and a head-bar affixed to the skull with superglue. A cranial window over the auditory cortex (AC, $3.5 mm lateral to lambda) was made using a microblade to shave away the bone overlying a region encompassing AC starting from the lateral suture and moving medially ($3 to 4 mm diameter). The AC window area was covered with HEPES-ACSF throughout the procedure. The dura was carefully removed before a glass coverslip (CS-4R; Warner Instruments) was glued over the window. IC cranial windows were installed and animals recovered as described above.
Delivery of agents to the round window niche
Prior to cranial window installation, a postauricular incision was made and the cervical musculature retracted to expose the auditory bulla. Using microscissors, the posterior region of the bulla, just ventral to the facial nerve, was removed and the middle ear exposed. To visualize the round window niche and window, extraneous mesenchyme was removed using dental absorbent paper points. Gelfoam soaked in specific pharmacological agents (made up in isotonic, 5% mannitol solution; NBQX 50 mM) was placed within the round window niche against the semi-permeable round window membrane. After Gelfoam placement, the overlying muscles were moved back into place and the incision was closed with Vetbond. Animals were imaged within 1.5 hr after drug application.
Auditory cortex ablation
Prior to cranial window installation, an incision in the skull was made just posterior to the right auditory cortex. Auditory cortex tissue was then aspirated via a glass pipette tip coupled to a suction line. Gelfoam was packed into the volume removed and the wound closed with super glue (Vetbond). Following imaging, animals were perfused with 4% PFA and brains harvested. Brains were embedded in 2% agarose and sectioned for post hoc analysis of cortex removal.
In vivo calcium imaging After 1 hr of post-surgical recovery from anesthesia, pups were moved into a swaddling 15 mL conical centrifuge tube. The top half of this tube was removed to allow access to the headbar and visualization of the craniotomy. Pups were head-fixed and maintained at 37 C using a heating pad and temperature controller (TC-1000; CWE). During the experiments, pups were generally immobile; however, occasional limb and tail twitching did occur.
For wide-field epifluorescence imaging, images were captured at 10 Hz using a Hamamatsu ORCA-Flash4.0 LT digital CMOS camera coupled to a Zeiss Axio Zoom.V16 stereo zoom microscope. For midbrain imaging, a 4 3 4 mm field of view was illuminated continuously with a mercury lamp (Zeiss Illuminator HXP 200C) and visualized through a 1X PlanNeoFluar Z 1.0x objective at 17x zoom. For simultaneous imaging of cortex and midbrain, a 6 3 6 mm field of view was imaged at 11x zoom. Images were captured at a resolution of 512 3 512 pixels (16-bit pixel depth) after 2 3 2 binning to increase sensitivity. Each recording consisted of uninterrupted acquisition over 10 min.
A two-photon microscope (Bergamo II; Thorlabs) was used to capture high resolution images of spontaneous activity in the dorsal aspect of the central nucleus of the inferior colliculus (IC). Two photon excitation was achieved using a Ti:sapphire laser (Chameleon Ultra II; Coherent) tuned to 920 nm. A 533 3 533 mm field of view was visualized using a 25x Nikon objective (N25X-APO-MP). Images were collected at a resolution of 512 3 512 pixels (16-bit pixel depth) at 30 Hz using a galvo-resonant scanner and subsequently averaged to produce a final framerate of 10 Hz. Each recording consisted of uninterrupted acquisition over 10 min.
Image processing
For wide-field imaging, raw images were imported into the ImageJ environment and corrected for photobleaching by fitting a single exponential to the fluorescence decay and subtracting this component from the signal (Bleach Correct function, exponential fit).
Images were then imported into MATLAB (Mathworks) and intensities were normalized as DF/F o values, where DF = F -F o and F o was defined as the fifth percentile value for each pixel. Ovoid regions of interest (ROIs) encompassing the entire left and right inferior colliculi were drawn (see Figure 1D) . Across all conditions, the size of the ROIs was invariant, however, due to small differences in the imaging field between animals, the ROIs were placed manually for each imaging session. Peaks in the signals were detected in MATLAB using the built-in peak detection function (findpeaks) using a fixed value threshold criterion; because fluorescence values were normalized, this threshold was fixed across conditions (2% DF/F o ). Occasionally, large events in the cortex or superior colliculus would result in detectable fluorescence increases in the IC. These events broadly activated the entire surface of the IC and did not exhibit the same spatially-confined characteristics as events driven by the periphery. These events were not included in the analysis (see Figure S7) .
For two-photon imaging, images were imported into ImageJ for registration. The red channel (SR101) was registered (MultiStackReg; translation) and the transformation matrices applied to the green channel (GCaMP6s). Registered images were imported into MATLAB and intensities were normalized as DF/F o values as described above. For analysis of neurons and neuropil, ten random x-y locations were generated in MATLAB and ROIs manually drawn around the nearest neuron and surrounding neuropil. Peaks in signals were detected in MATLAB using the built-in peak detection function (findpeaks) using a fixed value threshold criterion (mean + 3 standard deviations for each cell).
For determining periods of animal movement during simultaneous imaging of AC and IC, a small section of the image with prominent movement artifacts was used as the basis for movement detection. This image was subject to image registration (dftregistration function, MATLAB; Guizar-Sicairos et al., 2008) and the transformation matrices used to align the images were stored. We then took the magnitude (norm) of the transformation matrix to determine periods of movement. When the image is stable, the magnitude of the transformation matrix equates to 1. When the image shifts, the magnitude of the transformation matrix exceeds 1. Periods of movement were defined as extended periods (> 3 frames) where the magnitude of the transformation matrix was greater than 1.
Generation of spatial correlation maps
For generation of spatial correlation maps within and across IC (as seen in Figures 2E, 4H , and S2E), ROIs (10 3 10 pixels) were placed across the tonotopic axis as indicated. These signals served as spatial correlation seeds and were used to generate spatial correlation maps. This was done by computing the correlation value between the seed signal and every pixel in the image. Each seed generated a single map which was then placed into a distinct color channel. The aggregate of all spatial correlation maps, each within its own color channel, results in the panels shown. Because of prominent photon scattering and background fluorescence, correlation maps appear more diffuse and contain more gray values calculated using epifluorescence images ( Figures 4H and S2E ) than in correlation maps produced using two-photon excitation ( Figure 2E ).
For generation of spatial correlation maps between IC and auditory cortex (as seen in Figure 4B ), an ROI was manually drawn around the IC and correlations were calculated for each pixel across the entire image. Pixels with an r value greater than 0.8 were defined as auditory cortex. A similar approach was used to delineate boundaries of the visual cortex with signals in the superior colliculus. Pearson's correlation coefficients were calculating using the normalized fluorescence intensity.
Generation of auditory cortex maps
ROIs were placed across the future tonotopic axis of the IC and fluorescent signals normalized as described above and mean subtracted. For each IC ROI, peaks of minimum height 3% DF/F o were detected and the channel with the greatest DF/F o was used to determine the location of the peak. AC activity corresponding to those peaks was averaged (weighted by IC peak height). The AC map for each animal was generated by taking each average AC image (corresponding to activity at different tonotopic areas in the IC), and placing them into a distinct color channel (blue representing the most medial single bands, future low frequency zones, and red representing the most lateral bands, future higher frequency zones). Responding areas were delimited by thresholding the average image at 80% maximum response. The average tonotopic map across animals was generated by a threshold of 50% across the smoothed average image of thresholded maps.
Auditory stimulation
Sounds were presented using a free-field speaker (MF1; Tucker-Davis Technologies) placed 10 cm from the left ear. For wide-field imaging, animals were placed in a custom-made sound isolation chamber that attenuated outside noises by 40 dB SPL. Calibration of noise levels was performed using an ultrasonic probe (Sokolich). Stimuli consisted of sinusoidal amplitude modulated tones (1 s, 10 Hz modulation) from 3kHz to 96kHz. All stimuli were cosine-squared gated (5 ms) and played in a random order at 5 s intervals. Intensity levels were not flat across the entire range of the speaker ( Figure S3 ) and no level correction was applied. Because thresholds are very high in animals just after hearing onset, all tones were presented at 0 dB attenuation. Tones were generated within the RPvdsEx software, triggered using the microscope's frame out signal, and delivered through the RZ6 Audio Processor (Tucker-Davis technologies). During imaging, vocalizations and ambient noise were captured using the Sokolich ultrasonic probe and digitized at 196kHz through the RZ6 Audio Processor.
Electrophysiology
For inner supporting cell recordings, apical segments of the cochlea were acutely removed from P6-P8 control or Vglut3 KO mice and used within 2 hr of the dissection. For spiral ganglion neuron recordings, middle segments of the cochlea were acutely removed from P5-P7 control or Vglut3 KO mice and used immediately, or were placed into culture media (DMEM as described below) and used within 4 hr. Cochleae were then moved into a recording chamber and continuously superfused with bicarbonate-buffered artificial cerebrospinal fluid (1.5 -2 mL/min) consisting of the following (in mM): 115 NaCl, 6 KCl, 1.3 MgCl 2, 1.3 CaCl 2 , 1 NaH 2 PO 4 , 26.2 NaHCO 3 , 11 D-glucose, and saturated with 95% O 2 / 5% CO 2 to maintain a pH of 7.4. Solutions were superfused at near physiological temperature (32-34 C) using a feedback-controlled in-line heater (Warner Instruments) for all experiments except those indicated as 24 C in Figure 7 . Whole-cell recordings of inner supporting cells (ISCs) and spiral ganglion neurons (SGNs) were made under visual control using differential interference contrast microscopy (DIC). Electrodes had tip resistances between 3.5-4.5 MU when filled with internal consisting of (in mM): 134 KCH 3 SO 3 , 20 HEPES, 10 EGTA, 1 MgCl 2 , 0.2 Na-GTP, pH 7.3. Spontaneous currents were recorded with ISCs held at À80mV. Errors due to the voltage drop across the series resistance and the liquid junction potential were left uncompensated. Recordings that displayed more than 10% increase in access resistance were discarded. Spontaneous currents were recorded with pClamp 10 software using a Multiclamp 700B amplifier, low pass filtered at 2 kHz, and digitized at 5 kHz with a Digidata 1322A analog-to-digital converter (Axon Instruments). Voltage responses to current injections in SGNs were recorded were low pass filtered at 20 kHz, and digitized at 50 kHz.
Analysis of intrinsic membrane properties
Series of current steps were injected into SGNs with start and end points not exceeding -100 mV and -20 mV steady state membrane potentials. Input resistances were calculated by taking the peak (min or max of signal through first 20% of current step) or the steady state voltage change (last 100 ms of step). Tau was calculated by fitting a single exponential curve between 10 and 90% maximum voltage change to a -2.5 pA current injection. Current threshold for action potential generation was measured by increasing steps in 5 pA increments until an action potential occurred.
Transmitted light imaging
Cochlear segments were imaged with a 40x water immersion objective and recorded using MATLAB and a USB capture card (EZ Cap). Difference movies were generated by subtracting frames at time t n and t n+5 seconds using ImageJ software to generate an index of transmittance change over time. To quantify transmittance changes, a threshold of three standard deviations above the mean was applied to the values. To calculate the frequency of these events, the whole field was taken as an ROI and peaks were detected using MATLAB (findpeaks function). To calculate area of these events, a Gaussian filter (sigma = 2.0) was applied to the image after thresholding and the borders detected using MATLAB (bwlabel function). The area was then calculated as the number of pixels within the border multiplied by the area scaling factor (mm/pixel) 2 .
threshold criterion (mean + 3 standard deviations for each cell). Across all cells, events were specified when three or more cells displayed peaks in fluorescence within a one second time window. For correlation analysis, the five nearest and farthest cells to a target cell were calculated using the center of mass of the ROI. Correlations on these groups of cells were calculated using normalized fluorescence signals.
Immunohistochemistry
Mice were deeply anesthetized with isoflurane and perfused with freshly prepared 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were post-fixed for 45 min at room temperature and stored at 4 C until processing. Brains were embedded in 2% agarose gel and 50 mm sections were cut with a vibratome and mounted onto Superfrost Plus glass slides (Fisher). Sections were incubated overnight with primary antibodies against GFP (pChicken; 1:4000, Aves) and NeuN (pMouse; 1:500, Millipore). Sections were then rinsed three times with PBS and incubated for 2 hr at room temperature with secondary antibodies raised in donkey (Alexa 488 and Alexa-546; 1:2000, Life Technologies). Slides were washed three times in PBS, allowed to dry, and sealed using Aqua Polymount (Polysciences, Inc.). Images were captured using a laser scanning confocal microscope (LSM 710 Meta, Zeiss).
QUANTIFICATION AND STATISTICAL ANALYSIS
All statistics were performed in the MATLAB (Mathworks) programming environment. All statistical details, including the exact value of n, what n represents, and which statistical test was performed, can be found in the figure legends. Unless otherwise noted, data are presented as mean ± standard error of the mean. All datasets were tested for Gaussian normality using the D'Agostino's K 2 test. If datasets were normal, two-tailed paired t tests were used. Otherwise, the nonparametric Mann-Whitney test was used. For single comparisons, significance was defined as p % 0.05. When multiple comparisons were made, the Bonferroni correction was used to adjust p values accordingly to lower the probability of type I errors. For multiple condition datasets, a one-way ANOVA or twoway ANOVA analysis was used, followed by Tukey's multiple comparison tests.
